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SUMMARY

/ <7'7'7<D

Estimates of the degree of signal loss due to attenuation and reflection by

the inviscid equilibrium plasma sheath were made for spherically blunted cones

with half-angles of 30° , 9° , and 0° at Mach numbers as high as 25, 20, and 19.25,

respectively. The computations were made for transmitting frequencies of 30 mc,

240 mc, and 10,000 mc and over the altitude range from 60j450 feet to

230,000 feet. Calculations, utilizing the simplest application of electromag-

netic theory, were made by using normalized body shape parameters, and methods

for applying the resulting tabulated data to specific vehicle reentry problems

are discussed.

The possible significance of viscous interaction and nonequilibrium effects

on the applicability of the results to a given problem is discussed briefly.

Charts of the electromagnetic properties of equilibrium air for temperatures

from 3,000 ° K to 7,000 ° K are presented from which attenuation and reflection

estimates can be made when the density and temperature distributions are known.

Included also are charts which may serve as a guide in the selection of telem-

etering frequencies for particular environmental conditions.

INTRODUCTION

The plasma sheath surrounding a hypersonic reentry vehicle does much to

impede the transmission of radio signals traveling to and from the vehicle

(ref. 1). The physics of the interaction of the plasma and the electromagnetic

wave in the region of the vehicle is generally understood. However, the ability

to predict quantitatively these effects for an actual flight transmission problem

is not yet demonstrated because of the lack of actual flight data of this nature

and because of the great number of simplifying assumptions which must be made in

order to readily obtain numerical answers. Such flight confirmation is, of

course, very much desired. Experimental flight data of a passive nature exist,

however, in that a significant number of reentering vehicles lose radio contact

somewhere along their trajectories and these blackout points are quite often



known. Regretably, however, in these blackouts that part of the signal loss due
to attenuation and reflection is not known since other factors, such as antenna
breakdown_pattern shift_ antenna impedancemismatch, or simply overheating of
the transmitting equipment, also contribute to the total signal loss. It is very
likely that attenuation and reflection are the primary reasons for the signal
loss and at times maybe solely responsible for the loss. These uncertainties
point up the need for a controlled experiment in which the contribution to signal
loss of each factor can be determined. An experiment in which attenuation and
reflection could be measured independently of all other factors would be most
valuable since it would provide a check on the reliability of the theoretical
methods for estimating the signal loss.

In the present analysis only the action of the ionized flow field on the
electromagnetic wave (that is, attenuation and reflection) is considered and the
simplest theoretical approach is employed. The object of this analysis is to
predict theoretically (within the limits imposedby the assumptions) the degree
of signal loss for a numberof environmental conditions which are similar to
those commonlyexperienced by suborbital reentry vehicles. The calculations are
of a general nature in that they maybe applied to bodies of arbitrary size
(accuracy increasing with size) and they cover a range of environmental condi-
tions which allow interpolations to be madefor a numberof trajectories which
fall within the bounds considered. Also, estimates maybe madefor bodies whose
shapes are similar to the ones considered here by noting the change of signal
loss with change in body shape, all other factors being equal.

Theoretical estimates have been madein the literature for isolated condi-
tions and the general variations of the more important parameters discussed.
However, calculations are not presently available to enable specific estimates
to be madefor entire trajectories.

In order to estimate the effect of the plasma sheath on the attenuation and
reflection of signals, it is first necessary to have an accurate description of
the flow conditions surrounding the vehicle. The solutions to the equations of
the flow about blunt-nose bodies are quite difficult to obtain and this problem
has for sometime stimulated effort by theoretical aerodynamicists. Muchprog-
ress has been made, however, in producing approximate descriptions of hypersonic
real-gas inviscid-flow fields but additional effort should be directed toward
obtaining flow solutions in the low Reynolds number regime where the inviscid
approach loses its validity.

Inviscid equilibrium flow is used in the present analysis because these
solutions were available and will makethe results applicable to a general range
of body sizes. Classically thin boundary-layer effects pertinent to a particular
body might be included in such an analysis at the cost of additional complexity
of the method but this was not done.

The simple plane-wave electromagnetic "theory used in this analysis has been
shownto be in fairly close agreement with experimental data obtained in tests
with a chemically produced homogeneousplasma (ref. i). These tests, however,
were unlike an actual flight in that (i) the plasma stream contained no large
temperature or density gradients, and (2) the plasma was of the high-density
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(and, correspondingly, high electron collision frequency) variety; whereas, for
a hypervelocity reentry vehicle (i) the flow field contains, for the most part,
very high temperature and density gradients, and (2) the plasma is a low-density
(low electron collision frequency) type. At the present time, the available
low-density ground testing facilities cannot produce rarefied plasmas which fully
simulate real conditions. Thus, the only meansfor obtaining such data for com-
parison with theory is a flight experiment.

SYMBOLS

Cp

c

D

d

de

fp

f

L

m

M

Ne

ni

P

Qi

R

R12

r

S

(SL) A

pressure coefficient

speed of light in a vacuum, 3 × i0 I0 cm/sec

diameter, cm

dissociation distance, cm

effective plane slab thickness, cm

plasma frequency, cps

signal frequency, cps

mean-free path, cm

mass of electron

Mach number

electron concentration, cm -3

number density of ith species

pressure

electron collision cross section of ith species

power reflection coefficient

power reflection coefficient for uniform semi-infinite plasma

radius, cm

entropy

signal loss due to attenuation, db
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(SL) R

(SL)T

T

t

Ul

X

Y

k

e

B12

7

V

P

x

signal loss due to reflection, db

total signal loss

temperature, OK

time, sec

flight velocity, ft/sec

axial distance from body nose, cm

distance from body surface along normal

attenuation coefficient (homogeneous media), nepers/cm

phase constant (homogeneous media), cm -1

dielectric constant

Boltzmann constant

cone half-angle, deg

boundary-layer thickness

relative phase difference

propagation factor

shock detachment distance, cm

electron collision frequency, sec -1

stream function

electrical conductivity

permeability

radial signal frequency, radians/sec

radial plasma frequency, radians/sec

density

wavelength, cm
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Subscripts:

B plasma conditions at body surface for inviscid flow

max maximum

NS normal shock

n nose

S behind shock

i ambient

0 free space or standard conditions

Primed symbols indicate reference values as taken from flow-field solutions.

FLOW FIELDS

Both attenuation and reflection losses are functions of the temperature and

density of the surrounding ionized gas and thus an accurate prediction of these

flow-field properties is necessary.

One major difficulty in obtaining flow-field solutions has been the inabil-

ity to readily obtain accurate descriptions of the subsonic flow in the forward

stagnation region. This region is important because the part of the flow field

in the aft regions of a blunt body which influences signal loss is made up of

particles of air which have been processed through the near-normal portion of the

bow shock (fig. i). The path traversed by one such particle of air is illus-

trated in the figure by the streamline 4.

The equations of motion for the flow in the stagnation region are of the

elliptic type. Conventional numerical methods for the solution of elliptic equa-

tions are unstable and often give erroneous results. Gravalos (ref. 2) has

developed an iterative scheme which seems to provide satisfactory results for the

subsonic and transonic regions. The equations for the supersonic flow on the

afterbody are of the hyperbolic type and are easily solved by the real-gas char-

acteristics method. The subsonic and transonic results are used as input data

for the method of characteristics which gives solutions for the afterbody region.

Thus, the properties at any point in the aft flow field are only as good as the

solutions to the flow equations in the stagnation region. The solutions of

Gravalos for conditions listed in figure 2 were used in this analysis and were

made available to the NASA by the Missile and Space Vehicle Department of the

General Electric Company from computations of H. W. Ridyard and S. FitzGibbon.

Flow-field solutions based on the Gravalos method are also found in refer-

ences 3 and 4. Figure 2 indicates the various body configurations and flight

conditions which were included in the analysis.



The flow-field solutions were calculated by using the assumptions of invis-
cid flow and thermochemical equilibrium at every point in the flow field.

In order to makepredictions of signal loss for a specific body shape which
can be generally applied to any trajectory falling within the reentry corridor,
it is necessary to carry out flow-field calculations for manycombinations of
velocity and altitude. Since the calculation of flow fields is a time-consuming
and expensive procedure, the present analysis is madeby taking solutions for a
range of Machnumbers, but limited number of altitudes, and adjusting the solu-
tions to a range of altitudes by the method of appendix A. Although such a
method is not completely rigorous 3 the range of applicability is greatly broad-
ened and it is believed that the results are only slightly compromised.

Attenuation

Whenan electromagnetic wave is imposed upon a mediumcontaining free elec-
trons, each electron maybe considered to act as a miniature antenna and to
absorb energy from the wave. Since the electron is accelerated by the electric
field, the energy of the wave maybe thought of as being converted into energy
of the electrons. This conversion of energy results in a decrease of signal
strength and may cause reflective and refractive effects. See reference 5 for a
general discussion of absorption mechanisms.

A tractable expression for the attenuation coefficient can be obtained from
Maxwell's equations and the equation of motion for an electron. Plane-wave solu-
tions to Maxwell's equations, for homogeneousmedia, in their simplest form were
employed in obtaining an expression for the attenuation coefficient. The sim-
plest theory was used since analyses involving more mathematical rigor are
extremely laborious and many times present insolvable expressions, and in view
of other related uncertainties (nonequilibrium effects, viscous interactions,
and electron-heavy particle collision cross sections, for example) such rigor is
not clearly warranted.

The development of the plane-wave expression for the attenuation coefficient
is shownin appendix B. The attenuation coefficient is

= 1 + (i)

For a slightly ionized homogeneous gas_ the dielectric constant

ductivity _ may be written as follows (ref. 6):

_2

e and the con-

(2)

6



= COY
w _2

Substitution of equations (2) and (3) into equation (i) results in

(3)

(4)

where _ is in nepers per centimeter and where _p and v are defined by equa-

tions (14) and (15), respectively. A great deal of insight may be gained by

studying graphical representations of equation (4). (See, for example, figs. 3

and 4.) In figure 3 is shown the effect of changing the signal frequency _ for

a constant plasma frequency _p and in figure 4 is illustrated the effect of a

varying plasma frequency for a given signal frequency. It is readily seen from

figure 3 that for very high frequencies and for very low frequencies the attenu-

ation will drop off markedly. It is not feasible to take full advantage of

these indications_ however, since_ in order to obtain low attenuation during

severe reentry conditions, the signal frequency used quite often would have to be

higher than is practical at present or so low that antenna size and atmospheric

noise become problems.

Reflection

When electromagnetic waves are incident upon a boundary between media in

which the phase velocity is appreciably different, such as the discontinuity in

going from the antenna surface out into the ionized flow field, the incident wave
is divided into reflected and transmitted trains. The larger the change in phase

velocity across the boundary of the two media, the larger will be the fraction of

incident energy R returned in the reflected wave train.

A reflection study may be greatly simplified by considering only normally

incident waves. An analysis of this type is employed here and should suffice for

obtaining first-order estimates of the reflected energy.

In studying the reflection of electromagnetic waves it is again necessary to

prescribe the properties of the medium (flow field in the immediate vicinity of

the antenna). Reflection calculations for any general property variation may not

be carried out conveniently (refs. 7, 8, and 9) due to the great complexity of

the problem. An approximate method is presented herein whereby an effective

medium based on the known property variations may be set up which lends itself to

a simplified analysis that can be rapidly performed.

Let us consider the plane sheet model (fig. 5) which is treated in refer-

ence i0. Let medium i be free space on both sides of medium 2 which is the

effective homogeneous plasma slab. Figure 6 illustrates the model by which an

effective homogeneous plas_ slab is substituted in the present method for the

actual problem of varying plasma properties. The development of the reflection
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coefficient for a homogeneous slab of finite thickness is given in reference i0

and is

R= RI2 [(1 -2aXle)2'-2_de _ ]- e + 4e sin_de] (5)

(i-R12e-2_de)2 + 4Rl2e-2_desin2(S12 + _de)

where RI2 is the power reflection coefficient (ratio of reflected to incident

power) at normal incidence for the plane interface dividing two semi-infinite

media or_ simply, the value of R for de approaching infinity. The reflection

coefficient RI2 at an interface is zero when the intrinsic impedances of the

adjoining media are equal. In general, for the present purposes, an ionized gas

having a temperature of approximately 33000 ° K or lower may be considered to have

electromagnetic properties which are essentially those of free space. The

reflection coefficient RI2 is a simple function of the attenuation coefficient

and the phase constants (of free space and the conducting medium) as given in ref-

erence lO and may be written as

Rl2= (_0 - _)2+ _2 (6)
(_0+ _)2+ _2

The relative phase difference 512 is obtained from the following relation

(ref. i0):

-2_0_ _2")512 = tan -I _ _ "_GO2
(7)

The phase constant is derived simultaneously with the attenuation coefficient

(appendix B) and is given by the relation

IWI1 _2 iI 1/2=_ + _-_--_+
(8)

Then substituting equations (2) and (3) into equation (8) gives

F=co_ _ +_J L_(__+_)_JJ
(9)

Graphical illustrations of equation (9) are presented in figures 7 and 8. The

phase constant may be expressed, also, in terms of the attenuation coefficient as
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= (lO)
2_

or

(ll)

The effect on R of increasing the slab thickness de is shown in figure 9

where the reflection coefficient of water is seen to vary quite markedly with

thickness, reaching maximums at approximately

• (2n- 1)_

and oscillating about RI2. Of course, the reflection-coefficient variation for

a high-entropy plasma sheath is somewhat different from that of water. However,

it is interesting to compare the two for an illustration of the effect of

increased conductivity. Therefore, the reflection-coefficient variation for a

typical high-entropy plasma sheath is also shown in figure 9, where it can be

seen that R closely approaches unity at the first maximum and for this reason

the value of R shows little oscillation. Thus, for de > _/4, generally

R _ RI2 for high entropy plasmas. Hence; use of semi-infinite reflection theory

should suffice for a plasma sheath whose effective thickness is greater than _/4

and whose properties (_,_) are sufficiently severe (dissipative) to make the

oscillation of R with de virtually negligible.

Note that the wavelength Z referred to here is the wavelength within the

effective medium itself and may differ by several times the value of the free-

space wavelength _O. The magnitude of the wavelength in a homogeneous isotropic

medium is given by

X = 2.__ = 2____c (12)

and that of the wavelength in free space by

= 2 tCo (13)
x° = 8o

Since the wavelength is inversely proportional to the phase constant (eq. (12)),

an idea of the wavelength variations with temperature and density may be gained

from figures i0, ii, and 12.



The foregoing equations are applicable until the radius of curvature of the
body surface is small with respect to the incident wavelength. Whenthis condi-
tion occurs, the reflectivity will, in general, be reduced from that given by
these equations (ref. i0).

ELECTROMAGNETICWAVEPROPAGATIONPROPERTIESOFAIR

In a gas at chemical equilibrium 3 which is assumedthroughout this paper,
the temperature and constituents within the plasma are constant with time and
the mole fraction of these constituents can be found by the methods of quantum
statistical thermodynamics (ref. ii), which determine the partition of the
energy states of a particle species into rotational, vibrational, transla-
tional, dissociation, and ionization energies. Results of calculations of this
type are recorded in table form in reference 12.

The electron collision frequency v and the plasma frequency _ must be
knownin order to calculate attenuation and reflection (eqs. (4) and [9)) and
are both functions of temperature and density for equilibrium air. The plasma
frequency is a simple function of the electron concentration - that is,

_p = 2_fp = 2_(8970)_e (14)

Somegood discussions, along with someguides to the literature, on plasma oscil-
lations are given in references 13, 14, and 15.

The numerical values of Ne used in this analysis were taken from charts
provided in reference 16 where Ne is shownas a function of temperature and
density for equilibrium air. These charts, along with charts provided in refer-
ence 17, illustrate the rapid increase in ionization at temperatures in the
neighborhood of 3,000° K. Also, from these charts, it can be seen that the rate
of increase of Ne with respect to temperature begins to decrease at the higher
temperatures where the constituents are becoming singly ionized.

From the kinetic theory of gases the electron collision frequency is
expressed as

V = y_--_- _'-niQ i
(15)

The values of collision cross section Qi available at the present time are in

some disagreement and, therefore, any collision frequency calculations are only

order-of-magnitude estimates. Collision frequency data used in this analysis

are from reference 6. These data were selected because, for the most part, they

result in conservative (in that they are higher) attenuation calculations. More

precise collision frequency calculations must await the refinement of experi-
mental determination of the collision cross sections.
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By using the aforementioned data along with equations (9), (4), and (6),
the more pertinent electromagnetic parameters _, _, and RI2 were calculated
and are presented in figures i0 to 33.

Figures 13, 14, and 15 showthe variation of the attenuation coefficient
with temperature. The best overall picture of the behavior of _ is illustrated
by figure 15 where the effect of plasma resonance (_/_p = l) is seen to result
in a very sharply increasing attenuation coefficient for the lower densities
(P/PO = i0-3, 10-4 , and 10-5). Whenplasma resonance is brought about at lower
signal frequencies, the increases begin at proportionally lower temperatures.
The fact that sharp increases in attenuation coefficient take place at low den-
sities maybe explained by first inspecting figure 34 and noting that very low
values of V/_p correspond to the lower densities (higher altitudes). Now, in

4 in the direction of increasing temperature (decreasing _/a)pl , for veryfigure
small values of v/a_0, it is seen that a very _sharpincrease_ in attenuation is
encountered at the plasma resonance condition I_o/_p= 1).. Consequently, the
abrupt increase in _ evidenced in figure 15 is to be expected.

Figures I0, ii, and 12 illustrate the variations of the phase constant
with temperature. The phase constant decreases very sharply at plasma resonance,
corresponding to the sharp increase in attenuation coefficient, and again this
sharp change occurs at the lower densities. This abrupt behavior of the phase
constant maybe explained in a manner similar to the foregoing explanation of

the abrupt increase in attenuation coefficient. Examination of figure 8 shows

that for low values of w/a_p, which correspond to low densities,, abrupt decreases

in phase constant occur as the temperature is increased (_/_0 is decreased_

through the region of plasma resonance.

Referring again to equation (12) it is seen that the sudden decrease in

phase constant will sharply increase the wavelength of the electromagnetic wave

within the plasma. The low densities corresponding to the abruptly changing

values of _ and _ occur at the altitudes of most interest for reentry

vehicles. From figures 13j 14, and 15 it can be further seen that the attenua-

tion coefficient begins to level off at the much higher temperatures, which indi-

cates that the gas is beginning to approach a state in which all the constitu-

ents are becoming singly ionized.

Figures 16, 17, and 18 picture the dependence of the attenuation coefficient

on density. It is seen that, for a constant temperature and signal frequency,

will reach a maximum at some particular density value. Since density

decreases exponentially with increasing altitude, the density scale may be

thought of as a linear altitude scale. These figures help to illustrate why the

signal-loss profile plotted as a function of altitude for a reentry vehicle is

quite often very sharp. If the temperature history of a point on the vehicle

should be such that it peaks at an altitude corresponding to the density where

is a maximum at a given temperature, then the attenuation profile will be

doubly sharpened. Figure 35 shows the normal-shock (approximately stagnation)

temperature for constant velocities over the altitude range.
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It is seen from figures 16, 17, and 18 that the effect of increasing the
signal frequency for a given temperature is to move the point of maximum _ in
the direction of higher density or lower altitude.

Figures 19 to 24 illustrate, a little more vividly_ the fact brought out by
figure 3 - that is, lower attenuation for high and low frequencies than for the
intermediate frequencies.

Variations of the semi-infinite reflection coefficient for ionized equilib-
rium air RI2 maybe studied in figures 25 to 33. The coefficient RI2 is seen
to be affected pronouncedly by the density as shownin figures 25, 26, and 27.
As was true for the attenuation coefficient, the effect of increasing signal fre-
quency is to shift the maximumvalue of RI2 for a given temperature in the
direction of higher density. The value of RI2 generally decreases with an
increase in frequency for the temperature range considered. For the lower den-
sities, however, the decrease of RI2 becomesmuchmore pronounced whenthe fre-
quencies are increased above a certain point _.

VISCOUSFLOWEFFECTS

In order to completely describe a flow field_ it is necessary to consider
the viscous effects near the body surface. For this purpose the Navier-Stokes
momentumequations are usually written in approximate form and solved. For
example, when the ratio of inertia forces to viscous forces (Reynolds number) is
very high, the Navier-Stokes equations are greatly simplified since almost all of
the viscous terms can be deleted. The equations are thus amenableto analysis.

For a hypervelocity, high Reynolds numberflow about a body, the entire flow
field maybe assumedto be inviscid with the exception of a very thin layer of
viscous flow at the wall. Then, these two regions of flow maybe computedsepa-
rately since the influence of one region on the other is relatively small (clas-
sical boundary-layer approach).

For a low Reynolds numberflow_ however, the viscous terms and the inertia
terms in the Navier-Stokes equations are of nearly equal magnitude. Thus,
neither of the terms can be deleted and the equations are rendered insolvable.

Adamsand Probstein (ref. 18) have formulated an expression which gives, to
a first approximation, the ratio of the boundary-layer thickness to the shock
detachment distance at the stagnation point:

IL l   y C sloD
A \rn/

(16)

Equation (16) is illustrated in figure 36. When 5BL/A becomes appreciable (for

example, 5BL/A > O.1), the error involved in calculating the flow field under

the inviscid assumption begins to become significant so that in order to have a
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high degree of confidence in an inviscid flow-field calculation 8BL/_ should be
much less than unity. Figure 36 maybe used to estimate the degree of confidence
with which the usual assumptions can be applied in calculating the flow field.
At present, the usual practice in approximating low Reynolds numberflow fields
is to makecalculations by using classical methods and then to apply first-order
corrections for the low-density viscous effects based on arbitrary considerations.

NONEQUILIBRIUMFLOW

For many flight conditions, in particular those at high altitudes, the flow
about a hypervelocity vehicle maybe considerably removedfrom the chemical and
thermodynamic equilibrium state.

In air plasma, which contains monatomicand diatomic species, neutral and
charged, several processes can cause departure from equilibrium: vibrational
energy lag, dissociation lag, ionization lag, and recombination lag. These proc-
esses must be treated separately and for each constituent of the plasma; thus,
the problem becomesone of great complexity because of the large numberof reac-
tion times to be considered. The resulting thermal effects, in general, are pro-
portional to the ratio of reaction time to flow time and to the energy involved
in the reaction. Vibrational effects, in someinstances, can be neglected since
their contribution toward removal of the gas from equilibrium is quite often
negligibly small. In general, it maybe said that the major result of nonequi-
librium process on the shock-layer flow is one of change of the thermodynamic
properties of the gas3 and only in certain instances will the dynamical behavior
depart significantly from that of an equilibrium flow.

All data presented in this analysis pertain to air in chemical equilibrium.
This assumption is thought to be quite valid for a substantial range of condi-
tions. A numberof exceptions, however, may occur such as the one related in
reference 19 where Bortner has shownthe effect of the rate constants on the
electron concentration to be very pronounced (that is, an order of magnitude
change in the oxygen dissociation rate constant can cause increases in the elec-
tron concentration of over 102). Nonequilibrium effects should be more pro-
nounced at the higher altitudes since two-body reaction rates are proportional
to the square of the density. In reference 16 someeffects of nonequilibrium
flow on the trail properties are discussed and in reference 20 such effects are
computedfor both shock-wavecompressions and flow expansions.

Quite generally, it is believed that the first effects of nonequilibrium
flow (that is, as altitude is increased) are those resulting from a recombination
lag (frozen flow) beginning in the wake of a vehicle. As the altitude is
increased, for a constant velocity, the region of recombination lag will move
upstream. For even higher altitudes, the region of frozen flow may engulf the
entire vehicle (ref. 20), that is, flow becomesfrozen in the region of the stag-
nation point. This effect maybe of major importance to the ionization proper-
ties in the shock layer. As the altitude is increased further (beyond the point
where frozen-flow effects have becomelarge), the effect of dissociation lag

13



begins to become large. The distance required for the dissociation to approach

equilibrium will increase with increasing altitude.

As an example of one phase of nonequilibrium flow, some dissociation-lag

data are presented and briefly discussed. It is not to be inferred that dissoci-

ation lag is more important than the consideration of ionization lag and recombi-

nation lag, but this effect is selected as an example for discussion purposes

only since an investigation of all phases of nonequilibrium flow in its fullest

extent is not the purpose of this report. These data 3 calculated by Teare (shown

in ref. 16), aid in determining the flight conditions at which dissociation lag,

characteristic of compression flow, begins to show prominence. Teare has calcu-

lated the distance d behind a normal shock at which the gas temperature has

relaxed down to a value 35 percent above that predicted by equilibrium considera-

tions. It was further concluded that a distance of the order of lOd is required

for the temperature to drop to within i0 percent of equilibrium temperature.

Figure 37 taken from reference 16 illustrates the nomenclature used in making

these estimates.

The dissociation distance d becomes larger with increasing altitude while

the shock detachment distance A at the stagnation point becomes smaller as

based on the following approximate relation:

_ 1 (17)
rn PNS/Pl

An interesting parameter by which to judge the degree of nonequilibrium effect

due to dissociation lag is the ratio of the dissociation distance to the shock

detachment distance d/A which may be written as

d_d S

A rn Pl
(18)

When d/A_ i, the flow over the nose is of a nonequilibrium nature. A quasi-

equilibrium state may be defined by 0 < d/A < i and the equilibrium state might

be assumed for d/A_ O. Figure 38 illustrates the variation of the parameter

rn_ with altitude. Once the flow attains velocities typical of the hypersonic

regime little effect is seen due to increasing velocity, the major factor influ-

encing the onset of dissociation lag being the altitude for a given rn. The

literature on nonequilibrium flow is extensive (refs. 16 and 19 to 24) with more

knowledge being gained as time passes. The present discussion is merely a

cursory one for the purpose of calling attention to the problem.

METHOD OF ANALYSIS

Having discussed briefly some of the problems involved in estimating the

nature of a hypersonic flow field and its effect on electromagnetic wave

14



propagation 3 the steps to be taken in obtaining a quantitative estimate of

signal loss are next outlined.

Figure 39 illustrates, qualitatively, the property distributions along a

line normal to the vehicle wall and extending from the wall to the shock. If

these property distributions are known_ the _ distribution can be obtained by

using equation (4) or the values can be taken directly from figures 13, 14, and

15 for those particular signal frequencies. Graphical integration of the dis-

tribution of _ along a normal provides the total attenuation loss

(SL) A

D n

_Shock
- 8.686 _d(_nl_Body

(19)

in db/cm since all spatial coordinates in the available inviscid flow-field solu-

tions have been nondimensionalized with respect to the nose diameter. To obtain

the absolute attenuation in decibels simply insert the desired nose radius into

the identity

(SL)A _ I_Dn
(20)

The applicability of the equation to attenuation estimates becomes more

valid with increased nose diameter since for small diameters the wavelengths may

be very large with respect to the spatial variation of conductivity (refs. 7, 8,

i0, and 25). A criterion for the applicability of these results as a function

of the effective depth of the plasma sheath is presented and discussed in the

section entitled "Results" and in appendix B.

The loss in decibels due to reflection (SL) R may be approximated by equa-

tion (5) along with the following relation:

(SL)R = 10 log ]- (21)
i -R

The total signal loss is the sum of the attenuation and reflection losses - that

is,

(ss)T = (ss)A + R (22)

As mentioned previously, for generality and simplicity the effect of the

boundary layer is not considered herein. The inviscid portion of the shock layer

has thus been accounted for in such a manner as to make the results applicable to

a particular shape regardless of its size, although with the least accuracy for

the smaller bodies (smaller Reynolds number).

The dashed lines in figure 39 indicate some qualitative modifications to

the inviscid distribution due to the viscous boundary layer. For the blunt-body
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cases considered herein, a laminar boundary layer either decreases or has no

effect on the attenuation and reflection. The effect of very thin laminar bound-

ary layers can be entirely neglected, generally. A laminar boundary layer of

significant thickness may alleviate the signal-loss problem somewhat. This

alleviation is due to an increased fraction of the energy in the shock layer

being transferred to the body with a consequent lowering of the high temperature

in the high entropy layer adjacent to the body. Such an increase in the ratio

of boundary-layer thickness to shock-layer thickness occurs as altitude is

increased. A highly dissipative boundary layer on the other hand (higher Mach

number flow) may increase attenuation and reflection somewhat, although this

point is not clearly resolved. The term "highly dissipative boundary layer"

refers herein to a boundary layer in which the static enthalpy increases above

the maximum static enthalpy in the inviscid flow field. This condition is

usually associated with sharp-nose vehicles and probably will not be encountered

with blunt-nose vehicles, except for aft positions on the body.

In any event, if the boundary layer is classically thin, its attenuation

effect can be calculated independently and can simply be added to the attenua-

tion caused by the inviscid portion of the flow field. The reflection effects

can be calculated anew to include the boundary-layer results.

RESULTS

Attenuation and reflection computations have been made for all the flow-

field solutions at conditions listed in figure 2, but with the altitude range

expanded. Only the inviscid portion of the flow field was considered and the

resulting data are presented in table I.

The parametric results are only discussed in general here since the number

of the computations is so large that discussion of each is deemed impractical.

The parameters to be discussed are: the total attenuation normalized to nose

diameter (SL)_Dn, the nondimensional effective plasma-sheath thickness de/Dn,

the signal loss due to reflection (SL)R, the wavelength within the plasma at--

the inviscid body wall and/or at the edge of a classically thin boundary layer

_B_ and the ratio of wavelength to nondimensional plasma-sheath thickness _BDn
de

Figures 40, 41, and 42 show, respectively, a variation of attenuation,

effective plasma thickness, and reflection loss with axial distance along the

body center line. It is seen that the lowest signal losses occur at the rear.

It is interesting to note that the attenuation loss (fig. 40) appears to peak in

the vicinity of the shoulder (that is, tangency of hemisphere to cone) although

it might be expected to be a maximum farther toward the stagnation region. This

result may be understood more clearly by wrihing the simple expression for the
attenuation loss

(SL) A = 8.686(_Bd e (23)
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and differentiating with respect to axial distance x to give

d(SL)A - 8"6861_B d(de) + de _B!Idx dx dx

Because the flow is expanding and cooling,

dx

(24)

Thus, the significant part of equation (24) for the present argument is the

variation of d(de)Idx , and as long as

d(de) >
O<C_B dx Id e

&x

the attenuation will keep increasing with x. As soon as

dx dx

the attenuation will peak and begin to decrease with x. A typical variation of

de with x is shown in figure 41.

Figures 43 and 44 show, respectively_ the variation of the attenuation and

reflection losses with altitude for a constant Mach number for signal frequencies

of 30, 240, and i0,000 mc. It should be remembered that these are only examples

of the variation_ not necessarily typical variations. See table I for particular

conditions of interest.

Values of (SL)AID n are presented in table I. It must be remembered that

the value of the nose diameter being considered has to be muitiplied by the tabu-

lated value, as shown in equation (20), in order to obtain attenuation. An

approximate attenuation history may then be constructed for any of the configura-

tions given for any subcircular trajectory by interpolating directly between the

Mach numbers presented. Application of such results is, of course, only valid

in the range of altitudes and velocities where viscous and nonequilibrium effects

are small, as discussed previously.

The tabulated values of (SL)R illustrate the signal loss due to reflection

for all the bodies and flig_ht conditions considered. These calculations were

based on equation (5) with (de/Dn) , evaluated for four numerical values of Dn,

as the slab thickness. These four nose diameters were chosen to encompass a

range including: (i) a sheath thickness always less than one-quarter wavelength

and (2) three sheath thicknesses which are_ for a number of frequency and body-

shape combinations_ in the neighborhood of, or slightly greater than, one-quarter
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wavelength. It is seen that, for the smaller sheath thickness (for D n = 5.08 cm),

the estimated reflection loss is always less than that associated with the larger

sheath thicknesses (Dn = 30.48, 25.40, and 20.32 cm), as can be explained by

examination of figure 9. At the point where the data for the larger diameters

coincide, the plasma sheath is approximately equal to or larger than one-quarter

wavelength and acts in a manner similar to one of infinite thickness. As for

attenuation, a rough history of the reflection loss for a particular trajectory

may be obtained by interpolating directly between the Mach numbers given. The

history of the total signal loss over the trajectory may then be obtained by

summing the attenuation and reflection losses.

The nondimensional effective plasma-sheath thickness de/D n is given along

with the attenuation in table I. These data may be useful in making reflection

calculations other than those considered herein. Because of the large variety of

configurations presented here, the data may serve as a guide (by careful inter-

polation and extrapolation) to the selection of effective thicknesses for blunted

configurations for which flow-field solutions are not available. Furthermore,

since the thermodynamic properties at the body are often estimable without com-

plete flow-field solutions (that is, from pressure coefficient and normal-shock

entropy), an attenuation coefficient may be estimated based on the body properties

and effective slab thickness, and may suffice for the calculation of attenuation

(eq. (23)) and reflection.

The wavelength h within the plasma is frequently seen to be a minimum at

an intermediate altitude, depending upon frequency, and will approach its free-

space value h0 as the density becomes very small, as at increasing altitude.

These data may prove useful in the selection of antenna characteristics.

The ratio of wavelength to nondimensional sheath thickness _Dn/d e should

give some insight as to possible limits of applicability of such solutions,

which assume homogeneity of plasma, to a flow field which is highly nonhomogene-

ous. (See appendix B.) If conditions are such that R/d e _ i, then the homo-

geneous solution approach should be very accurate. This condition may not be

achieved in many practical problems even for large bodies (large Dn) except

when higher than standard telemetry frequencies are used. It is believed that

the accuracy diminishes proportionally as h/d e increases greatly beyond unity

(h/d e >_ i), but it is difficult to say at this time just how inaccurate plane-

wave, homogeneous solutions are when h/d e becomes very large.

CONCLUDING REMARKS

Estimates of signal loss in transmitting through the plasma sheath for a

variety of hypersonic reentry situations have been made and presented in tabular

form. It is seen from inspection of the data that very high signal loss is to be

expected in many reentry situations. It is also seen, however, that the loss may

be minimized by proper selection of frequency and location of the antenna at a

rearward point on the body. Use of small bodies is also indicated on the basis

of the equilibrium-flow considerations used in the analysis.

18



These data should be applied to specific problems with reservations in view

of the assumptions which were used in making the calculations. Even though many

qualifications apply to the results, it is believed that these results should be

useful in estimating the qualitative variations of signal loss with respect to

parameters such as Mach number, altitude, cone half-angle, and signal frequency.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Station, Hampton, Va., March 7, 1963.
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APPENDIX A

EXTRAPOLATION OF A GIVEN FLOW-FIELD SOLUTION TO DIFFERENT ALTITUDES

Consider the flow properties along a line normal to the afterbody (assumed

direction of electromagnetic wave propagation). For a constant free-streamMach

number the inviscid, equilibrium properties along this normal are estimated for

new ambient conditions (that is, range of altitudes) from the known property dis-

tribution along this normal at a particular ambient condition and by imposing the

following conditions:

(i) Shock shape and shock-layer thickness do not change with variation in

altitude.

(2) The normalized pressure coefficient at the body surface does not change

with altitude.

(3) Variation of properties across the shock layer remains similar with

changing altitude.

The flow can then be approximated by calculating the properties behind the

shock (using condition (i)) and the properties at the body surface (using condi-

tion (2)), and by applying the similarity assumption (using condition (3))

between these two points.

The properties immediately behind the shock may be calculated by the usual

Rankine-Hugoniot relations for the given shock angle and ambient flow conditions,

including the real-gas effects when the shock is strong (ref. 26). The proper-

ties at the body (or immediately outside a thin boundary layer) may be found by

employing the Mollier chart for equilibriumair (ref. 27) with the surface pres-

sure and entropy. The pressure coefficient expressed in the normalized form is

= p- pl (Al)

Cp,max PNS - Pl

and is considered constant at a particular body point for M = Constant and

varying altitude (condition (2)). The normal-shock pressure PNS may be calcu-

lated or is readily available in chart form (ref. 26) and the ambient pressure Pl

is taken from the ARDC model atmosphere (ref. 28). Thus, the local pressure p

is easily calculated from equation (AI). The entropy at the body is simply the

normal-shock entropy since the body streamline passes through the normal shock

and the flow thereafter is isentropic. Inasmuch as two state properties (p, SNS)

at the body have been calculated, any other state properties, such as temperature

and density, may be determined from the Mollier chart. By denoting the proper-

ties given by the flow-field solution as "base" properties and indicating them

with primes, it is now possible to write expressions for the properties at the

new altitude as functions of the "base" properties and the newly calculated body

and shock properties.
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First consider the temperature variation of the "base" solution (fig. 45)

• ' : m'(y/de) (A2)

In close proximity to the body it is reasonable that

T' TB '

(A3)

where the subscript B denotes conditions at the body (or edge of a classically

thin boundary layer). By similar reasoning, at points close to the shock

T _ TS

T' T S'
(A4)

where the subscript S indicates properties immediately behind the shock. By

use of assumption (3) T and T' can be related at points within the shock

layer. If the origin y/A = 0 is taken at the wall, it can be assumed that the

effect of TB/T B' on T/T' is a linear one and decreases with increasing y/A

as TB/TB'(1 - y/A). Likewise, in progressing toward the shock, it can be

assumed that the effect of Ts/T S' is a linear one also and increases with

increasing y/_ as (y/A)Ts/Ts'. Now sum these two effects algebraically to

obtain the expression

Equation (AS) may be rearranged and written as

= ' + A\Ts,
(A6)

In the same manner as that used to obtain equation (A6), the following expression

may be determined for the density:

= o' +- .-- (A?)
 \os'

i

Examples of the use of equations (A6) and (AT) are shown in figures 46 and 47,

respectively.

Although this method is admittedly crude, it is an expedient means by which

to extend a given flow-field solution over an altitude range and should result in
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fairly close engineering estimates. Accuracy will depend upon the degree of
applicability of the assumptions.
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APPENDIXB

AT]_ENUATIONANDPHASE-SHIFTCOEFFICIENTSIN ONE-DIMENSIONAL

NONHOMOGENEOUSCONDUCTINGMEDIA

A suitable form of the wave equation is obtained by consideration of the
Maxwell equations:

- _ (B1)
VxE =-_y

- _
vx_=J+_

where E and H are electric and magnetic vectors, respectively.

(B2)

If the curl

of equation (BI) is taken, equation (B2) is differentiated with respect to time,

and use is made of the constitutive relation

then a general form of the wave equation is seen to be

v x v x _ _E _---_ (B4)
= -__ - _t2

Nowj consider a wave form which is one-dimensio_l 3 harmonic in time_ and

plane polarized. Such a wave can be represented by the wave function

E = E0 exp_(Ty - _t_ (B5)

The validity of equation (B5) is restricted to cases in which properties of the

medium vary slightly over dimensions comparable to a wavelength.

Substitution of equation (B5) into equation (B4) results in

_c_ 2 - 72 + i(_) = o

(B3)

(B6)
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which becomes

_2 _ !s2 + r_c_2 + i(_ - 2ms) = 0 (B7)

when the propagation factor is represented in complex form, 7 = _ + is.

Equating the real and imaginary parts of equation (B7) to zero gives a

system of two simultaneous equations from which _ and _ can be determined,

as follows:

(B8)

(B9)

Inasmuch as equations (BS) and (B9) are valid only when properties of the medium

vary slowly over a distance of i wavelength, a rough criterion can be set up

which may be used in applying the calculations in this paper to a specific prob-

lem. Consider some linear distance L over which the plasma properties vary

considerably. Then, the assumption used in selection of the wave function (B5)

indicates that

Z << i (Bzo)
L

must hold in order to assure accuracy. If this condition is not obtained, then

the accuracy obtained in calculating _ and _ would be thought to diminish as

the value of _/L departs from a very small value and grows large. The value of

may be considered to be the wavelength in the plasma adjacent to the body

wall _B_ and for a characteristic length L it is convenient to consider the

effective plasma thickness de . Values of _B/de_Dn are given in table I. It

is easy to see that for larger bodies (large\--iDn) the condition (BlO) can be more

nearly fulfilled.
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Figure 2.- Flow-field solutions obtained by real-gas characteristics method. (Ridyard and

FitzGibbon computations; published by permission of the General Electric Co.)
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Figure 17.- Attenuation coefficient _ for equilibrium air at f = 240 mc.
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Figure 18.- Attenuation coefficient a for equilibrium air at f = i0,000 mc.
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Figure 19.- Variation of attenuation coefficient _ with signal frequency for equilibrium

air at P/Po = i.
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Figure 20.- Variation of attenuation coefficient _ with signal frequency for equilibrium

air at p/p0 = l0 -1.
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Figure 21.- Variation of attenuation coefficient _ with signal frequency for equilibrium
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